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A sample of 7-lepton decays to 5~ -v, and 5~ -~0~„observed in the high-resolution spectrome-
ter at the SLAC e+e storage ring PEP, has been used to place an upper limit on the mass of the
tau neutrino of 84 MeV/c2 at the 95% confidence level.
PACS numbers: 14.60.6h, 13.35.+s
In a previous paper' we established that the r lepton
decays to a 7 neutrino and Ssr +-as well as Ssr +pro b-y
observing five events of each type. This result has
been confirmed by Burchat et al (Mark . II group) at
SLAC. 2 In this Letter the hadronic mass spectra of
these decays are used to place an upper limit on the
mass of the r neutrino, which is below the muon
mass.
The results come from events collected with the
high-resolution spectrometers (HRS) at the e+ e
storage ring, PEP. Data corresponding to an integrat-
ed luminosity of 185 pb ' were taken at a center-of-
mass energy of 29 GeV. The detector provides
charged-particle tracking over 90'/0 of the solid angle in
a solenoidal magnetic field of 1.6 T. The momenta of
tracks at large angles are measured with a relative ac-
curacy of about 1%. Of particular importance to this
analysis is the measurement of electromagnetic shower
energy with a lead-scintillator calorimeter covering the
angular interval ~cosO~ & 0.60, where 0 is the angle
with respect to the beam direction. The forty-module
barrel calorimeter system has an energy resolution of
o.F/E = 16%/4E (E in gigaelectronvolts) and an angu-
lar resolution for showers of 14 mrad along the beam
direction and 7 mrad transverse. The outer layers of
the tracking system are located immediately in front of
the barrel calorimeter and can provide information on
the preconversion of photons, particularly in the
Cherenkov-counter system.
The events used in this analysis are the same events
reported by Ahlen et al. where the selection criteria
are discussed in detail. The topology of the selected
events is five charged tracks in one hemisphere with a
single charged track in the opposite hemisphere.
Our limit on the mass of the 7 neutrino is obtained
by measurement of the total hadronic mass associated
with the 7 decay since this yields the most accurate
determination of the end point of the hadronic mass
spectrum. To do so requires a detailed understanding
of the neutral energy in the events as well as in possi-
ble backgrounds, because the Ssr +-pro events are cru-
cial in establishing the limit.
The main problem in an understanding of the neu-
tral energy deposition is the confusion caused by the—15% probability for a photon to convert in the
Cherenkov-counter system located just in front of the
barrel shower-counter system. The 1.6-T magnetic
field separates the electron-positron pair yielding two
distinct clusters of energy in the calorimeter. This
problem was solved by our allowing up to four clusters
of energy to be associated with a single ~0, and com-
bining closest neighbors to form a single photon. All
shower-counter clusters had to be associated with ei-
ther a charged track or a photon forming the sr; other-
wise the event was rejected. Once the clusters had
been assigned, the energies of the two photons form-
ing the mo were recalculated, with the mass con-
strained to that of the 7ro and the total energy of the pro
held fixed. If an ambiguity arose, the lower-mass
solution was chosen. Three of the five Ssr -+no events
are consistent with there being a single conversion in
the Cherenkov system.
Because the backgrounds can have an important ef-
fect in the establishment of a limit on the r-neutrino
mass, they have been studied in detail. The back-
ground from hadronic annihilation events was mea-
sured with use of the events that have five charged
particles in one jet recoiling against W particles
(&= 3, 5, 7, . . .) in the opposite jet. Events contain-
ing an internal or external photon conversion were re-
jected. Only two (S,N) events satisfied the require-
ment that the effective mass in the five-prong hemi-
Qc 1986 The American Physical Society
VOLUME 56, NUMBER 10 PHYSICAL REVIEW LETTERS 10 MARCH 1986
sphere, including the photons converting in the
shower counters, be less than 1.9 GeV/c . One of
these events has all the properties of a (5,3) r pair,
consistent with the expectation of 1.5 such events in
the data sample. The estimate based on the remaining
event must be scaled down by a factor of 8.3, which is
the ratio of the (5,W) events to the (5,1) events in the
hadronic sample. Finally, by the requirement that the
effective mass of the charged particle plus any ob-
served photons in the one-prong hemisphere be less
than 1.6 GeV/c~, the estimate of the hadronic back-
ground is reduced an additional 60% to 0.05 event.
The other background contribution is from three-
prong 7 decays, with accompanying n 's or y's that
produce an electron-positron pair by conversion before
the inner drift chamber. These processes have been
estimated by use of a Monte Carlo ~-event simulator
incorporating the Berends and Kleiss5 lepton generator
with o.3 QED corrections. With use of the selections
reported earlier, ' the expected background is
0.05 + 0.03 event.
The absolute mass scale of the spectrometer has
been checked by studies of the hadronic annihilation
events, particularly the Do and D-+ mesons which
have masses near that of the 7. The simulated and ob-
served events4 have masses that agree to within a few
MeV/c'. The mass differences between our measured
values and the world averages6 agree to within our sta-
tistical errors of + 4 MeV/c2.
The mass resolution of each event was found by re-
peated simulation starting each time with the observed
event randomly rotated about the beam axis. The full
detector simulator was used which includes the effects
of multiple scattering, particle decay, photon conver-
sion, neutral energy fluctuations, leakage, and the in-
trinsic resolution of the detector elements. The
parameters used in the calorimeter simulation were
tuned to agree with the electromagnetic showers ob-
served at PEP. The output from the simulator passed
through the tracking routines and all other analysis
routines in the same manner as the experimental data.
The simulation was checked by our comparing it with
the observed Do and D +si-gnals, with the result that
the simulated and observed widths agree to within a
few MeV/c2. The resolution functions of the r events
fit well to Gaussian shapes„with non-Gaussian tails
typically contributing less than 2%.
The mass acceptance is flat in the range of these
data because the combination of the high magnetic
field and two-meter-long track lengths ensures excel-
lent spatial separation of the charged tracks from 7 de-
ca/.
The properties of the event sample are listed in
Table I and the hadronic mass distribution is shown in
Fig. 1. These events have masses approaching the r
lepton mass6 of 1784+3 MeV/c2 and, in fact, the
three highest-mass Sm +7ro e-vents populate the region
above M, —M„. At the end point of the hadronic
mass spectrum, where the limiting value of the neutri-
no kinetic energy is zero, the r-neutrino mass is given
by the simple expression M„=M, —M„,d,», . The
mass resolution of the HRS would allow an ultimate
sensitivity of M„of order 10 MeV/c were statistics
not a limitation.
Also listed in Table I are the properties of the events
in the hemisphere containing the single charged track;
each track is categorized as (1) electron, (2) K/~/p,
for tracks that have no accompanying neutral energy in
that hemisphere, and (3) K/m + y's for any track with
accompanying neutral energy. By category, one elec-
tron, two K/n/p, and sev, en K/7r + y's events are ob-
served where 2.1, 3.8, and 4.1 are expected. 6
TABLE I. Properties of the events.
Mass
(MeV/c') (MeV/c')
Single-track
momentum
(GeV/c)
Single-track
particle
type Q 57' 7r Fxclud~ng 7T'
g 5~&~o
M = I.784+ 0005
MT- M
1494
1575
1625
1630
1653
13
13
12
14
17
1.3
6.0
1.6
1.7
1.2
K/m/p,
K/n + ny
K/n + ny
K/m + ny
K/m + ny
IP 13 14 15 16
HADRONIC MASS {Ge Vt'c )
18
1619
1668
1684
1695
1727
15
57
54
18
41
4.0
1 ' 8
3.8
5.8
2.1
K/n + ny
K/m+ ny
K/m + ny
K/vr/p,
FIG. 1. The hadronic invariant mass of the events
5m +-mov, and ~ 5m —+v, . The 5~ +-~ v, events have
been plotted twice, once excluding the ~0 to show the effect
of adding the ~o to the mass calculation.
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To determine the upper limit for M„, the 5~ -+ and a
5-mo mass distributions have been fitted with use of a
maximum-likelihood technique. The mass resolution
of each event represents the uncertainty in the mass
calculation using the measured kinematic variables.
For events having neutral energy that escapes through
cracks in the detector, the true mass can be larger than
that measured, but not smaller. From the Monte Car- LaJ
lo event simulator, it is estimated that for the Sm -+m. o
events there is a 0.09+0.03 chance of the accompany- (h
b
ing no going unobserved, so that the Sm -+-event sam- LL
pie includes an estimated 0.4S+0.15 event of the 4J
Sm +-mo final state. Since inclusion of the missing mo
would increase the effective mass of the Sm-+ events
and because the exact way in which unobserved energy
should be added to the events is uncertain, this effect
is ignored when we set the upper limit to the neutrino
ITlass.
We have taken into account the possibility that the
Sn +7ro -events include true Sm +-events with a radia-
tive photon incorrectly interpreted as a no. In addi-
tion, in the 57r +no samp-le, the energy of a radiative
photon could be incorrectly included in the calculation I.O
of the no energy. The probability of each of these ef-
fects is 0.006+0.003, and is included in the fitting
procedure.
As is the case for the 27r, 37r, and 4m decay modes
of the r, it is likely that the Sm and 6m decays will
proceed through hadronic resonances. Although there
is no known resonance that can be associated with the
Sm
+-decays, one possibility would be a radial excita-
tion of the A
&
(1270) resonance, the A l', which should
be more massive and have a larger width than the—300 MeV/c' reported for the A l. These properties
would place the A ~ mass near the 7 mass with a mass distribution extending
the exact shape of the resonance is unimportant because the functional form
the end point of the spectrum is dominated by the weak-interaction matrix
space. ' The results of the maximum-likelihood fit to the data with use of a
weak matrix element,
I ~
M = S6 MeV/c
V~
V~
W
1
l.2 I.4 I.6 I.S
HADRONIC MASS {Gev/c )
2Q
FIG. 2. (a) The hadronic invariant mass of the five
events T 5~ —I,. The solid line is phase space times the
weak matrix element for the best fit M„=O. (b) The
hadronic invariant mass of the five events 7 Sm+-mov, .
The solid line shown is the best fit, M„=o, based on the"T
data of Cosme et al. (Ref. 9). The dashed lines show the
95%-confidence-level limits on M„.
well above 1784 MeV/c'. In this case,
of the hadronic mass distribution near
element and the effects of the phase
Sn —v, phase space (p5 + ) times the
dI /dMh u ps~~, Mhaa~(M~ Mhaa ) (Mi + 2Mhaa ) M~ (2M~ —Moan Mv ) ~
are shown in Fig. 2(a). The best fit, shown as a solid line, yields M„=0. The upper limit, at 95'/o confidence lev-
el, of M„( 131 MeV/c2 is shown by the dashed line.
The shape of the S~ 7ro mas-s spectrum is predicted by the conserved-vector-current hypothesis which relates
the vector part of the weak interaction to the isovector part of the total annihilation cross section for e+ e 6m.
Specifically,
—Mh, tt[(M, —Mh, ~)(M, +2Mh, tt) —M„(2M, —M„,~ —M„) j
dMh, q
o pt had
where o. + is the isospin-1 part of the cross section and tr~t(Mh, , q) is the point cross section which varies ase+e
1/M „,. g
Measurements of the e e 6m annihilation cross section for center-of-mass energies in the 7 mass region
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have been reported by Cosme et al.9 In these data
there is a thresholdlike behavior near 1.5 GeV/c2.
Our observed 6m events all cluster above 1.6 GeV/c2.
With use of a linear fit to the measured 6m cross sec-
tion in the r mass region, a 95%-confidence-level
upper limit of 86 MeV/c is found for M„, shown as
the dashed line in Fig. 2(b). If the cross-section
"threshold" is varied by + 50 MeV/c, the limit
changes by less than 1.5 MeV/c'. The best fits to the
data, M„=0, is shown as the solid line in Fig. 2(b).
The combined 57r +-and Sm +-mo data yield a 95%-
confidence-level upper limit of 84 MeV/c2. This
result is in agreement with that of Albrecht et al.
(ARGUS group)'o who report a similar limit from
r ~ 37r p~ decays.
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